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Abstract; [Aim] A Glu-Asn-Phe (ENF) peptide, paralytic peptide (PP) identified in several lepidopteran 
hemolymph induces rapid and rigid paralysis defined by a tonic contraction when injected into larvae. This 
study aims to determine the optimal amount and maximum contraction that PP induces in live larvae of the 
silkworm, Bombyx mori, and to examine the possible change of other physiological index, such as pulse velocity 
and ion concentration which might accompany the contraction. [ Methods] The intensity of body contraction and 
pulse velocity were monitored after injection of various amounts of PP into the body of the 5th instar larvae. And 
the ion concentrations in hemolymph, fat body and digestive tube were measured by atomic absorption 
spectroscopy. [ Results] PP at the concentration of 50 ng/g animal triggered the most potent contraction with no 
lethal effect. The maximum body contraction was seen between 4 and 5 min after injection. Digestive tube 
distortion was found to accompany body wall contraction, and pulse velocity decreased when the body reached 
the maximum contraction. In addition, extracellular Ca’* was required for the contraction and PP also 
stimulated a sharp decrease then a slow recovery of Cl” concentration in hemolymph. [ Conclusion] The 
paralytic activity of PP not only affects the body wall, but also digestive tube and dorsal vessel of silkworm 
larvae, and is associated with disruption of Cl” homeostasis. Our results will provide reference for studying the 
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physiological role of PP in an animal model. 
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1 INTRODUCTION 


A group of bio-active peptides, which contain 
the same signature Glu-Asn-Phe (ENF) sequence at 
the N terminus, have been identified in Lepidoptera 
decades ago ( Hayakawa, 1990; Skinner et al., 
1991; Clark et al., 1997; Furuya et al., 1999; Ha 
et al., 1999). These ENF peptides, typically 23 or 
25 amino acids long, are generated from the C- 
terminal region of longer precursors, which are 
mainly synthesized in fat body and released into the 
hemolymph ( Matsumoto et al., 2012 ). 
triggered by immune challenges, such as bacterial 


Once 


infection, wasp  parasitization or injury, these 
precursors are processed into the active peptides by 
protease. ENF peptides 


individually named after the physiological functions , 


certain serine were 
which they were initially considered to play. For 
instance, the peptide purified from Pseudaletia 


separate was designated growth blocking peptide 


( GBP ) since it retarded larval development 
(Hayakawa, 1990). And the peptide isolated from 
Pseudoplusia includens was referred to as 


plasmatocyte spreading peptide ( PSP) because it 
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induced plasmatocytes to spread (Clark et al., 1997). 
Paralytic peptide (PP) which caused rapid paralysis 
was identified later in Bombyx mori, Manduca sexta , 
Spodoptera exigua and Heliothis virescens (Skinner et 
al., 1991; Ha et al., 1999). Although their functions 
sound different as indicated by their names, their 
sequences share high homology with each other, 
suggesting they may exert similar biological activities. 
In fact, GBP and PP were reported to be able to 
stimulate the spreading of plasmatocytes ( Wang et 
al., 1999; Aizawa, et al., 2002; Nakahara et al., 
2003 ), and PSP could delay the 
metamorphosis as well (Strand et al., 2000). 


onset of 


The amount of ENF peptide fluctuates during 
development and varies among species, probably due 
to the different methods used for quantitation. For 
instance, in the 4th instar silkworm larvae, the 
amount of PP is approximately 200 ng/individual 
estimated from the spectral absorption (Ha et al., 
1999), whereas in the 5th instar larvae of P. 
PSP 180 
determined by a quantitative immunoassay using a 
PSP-specific antibody (Clark et al., 1997, 2005). 


Interestingly, bacterial and viral infection, wasp 


includens concentration is 


ng/mL 
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parasitization, low temperature and hormone 
treatment all elevated the expression level of ENF 
peptides, suggesting they may be playing multiple 
biological activities ( Ohnishi et al., 1995; 
Hayakawa et al., 1998; Kamimura et al., 2001; 
Eleftherianos et al., 2009; Ishii et al., 2010a). 
Studies on the ENF-regulated immune response 
revealed several signaling molecules and cascades 
are involved (Ishii et al., 2010b, 2013; Oda et al., 
2010; Song et al., 2015). However, some other 
physiological paralysis or 
developmental retardation, are not well addressed , 


changes, such as 


partially owing to the lack of measurement of 
accompanying physiological reactions. For instance, 
muscle contraction seems to be the only definition of 
“paralysis” , although actually the body rigidity is 
usually accompanied by a sudden change of other 
physiological index, such as cardiac rhythm. This 
study was undertaken in an attempt to evaluate the 
biological activities of PP in broader aspects in live 
animals. 


2 MATERIALS AND METHODS 


2.1 Insect 

Silkworm (B. mori) Dazao P50 strain and oc 
strain (oily silkworm) were originally obtained from 
Silkworm Genetic Resource Supply in Southwest 
University. Larvae were reared on fresh mulberry 
leaves at 25°C and relative humidity of 80%. The 
day-2 2nd instar larvae weighing 900 - 1 000 mg 
were used for experiments. 

2.2 Body contraction assay 

PP was chemically synthesized as described 
previously (Song et al., 2015) and dissolved in 
phosphate-buffered saline (20 mmol/L PBS, 0.0162 
mol/L Na,HPO,, 0. 0038 mol/L NaH,PO,, pH 
7.4). The day-2 5th instar larva of silkworm was 
injected with 10, 20, 50 and 100 ng PP, 
respectively, through the second last stoma in 
abdomen with a fine needle. In some experiments, 
10 uL 0.5 mol/L EGTA or EDTA was injected into 
each larva 15 min before PP injection. 

The intensity of body contraction was expressed 
as the contraction ratio, calculated by measuring the 
body length of each larva before (x cm) and after (y 
cm) the injection using the formula (x - y)/x. To 
facilitate the of body 
unparalyzed larvae were placed on ice to reduce their 


measurement length , 
locomotor activity temporarily. At least six larvae 
were used in each treatment and at least three 
separate experiments were performed. 
2.3 Ion concentration analysis 

Hemolymph was collected from incisions at the 


larva leg. Then fat body was collected from dissected 
larvae and blotted gently to 
hemolymph. After removing peritrophic membrane 


remove residual 
and food content, digestive tube was rinsed quickly , 
and then blotted to remove extra water. All tissue 
samples were placed into pre-weighted 1.5 mL tubes 
and dried at 70°C for 48 h. Tissue water content was 
determined gravimetrically from the mass before and 
after being dried. Two hundred uL nitric acid was 
added to the dried samples and incubated for 24 h at 
room temperature. Total tissue Na*, K*, Ca’* and 
Cl~ concentrations were determined using atomic 
absorption spectroscopy (Z-5000, Hitachi, Japan). 
2.4 Pulse velocity recording 

Four min after PP injection (50 ng per larva) , 
pulse velocity was timed by counting the systolic 
contraction of dorsal vessel which was visible through 
the translucent larva skin of oc strain. 
2.5 Statistical analysis 

Data were presented as the mean + SD (n33). 
Statistical significant differences were determined by 
Student’ s t-test. 


3 RESULTS 


3.1 Injection of PP induces sustained contraction 
1 (A), injection of PP 
caused a rigid paralysis of silkworm larvae as if they 


As shown in Fig. 


were frozen. Contraction of the body was apparent, 
the body segments shortening and the thoracic region 
swelling. Severe intestinal distortion with food 
(debris of mulberry leaves ) accumulated in the 
foregut and anterior region of midgut was clearly seen 
after dissection. Regurgitation or evacuation was also 
observed in some larvae, and these larvae were 
usually unable to recover and died afterwards. To 
evaluate the contraction-inducing effect of PP, we 
first measured the time required to reach maximum 
contraction as designated by contraction ratio after 
injection of PP at different dosages. The maximum 
contraction was seen between 4 and 5 min after 
injection (Fig. 1: B). During this time window, 
the body length of silkworm larvae was shrunken by 
15% to 22% , and higher dosage resulted in faster 
and greater contraction (Fig. 1: B, C). However, 
since almost half of larvae under the treatment of 100 
ng per larvae could not survive after injection, 50 ng 
per larva was chosen as the dose of injection in 
further experiments. The larvae gradually recovered 
after 1 h, and fully returned to physiological activity 
in hours. 
3.2 EGTA reduces contraction induced by PP 
Considering the body rigidity may be a result of 
muscle contraction which usually involves increasing 
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of free intracellular Ca’*, we tested whether 
extracellular calcium influx is required for the 
contraction. EDTA or EGTA was injected into the 
body 15 min before PP treatment. As shown in Fig. 
2, EGTA inhibited the contraction-inducing effect of 
PP since no paralysis was observed in silkworm 
larvae pre-injected with EGTA. On the contrary, 
EDTA only partially attenuated the effect, since 
body contraction was still observed, merely to a 
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lesser extent. Compared with EDTA, EGTA is more 
preferable in chelating Ca**, therefore it can keep 
more extracellular calcium from entering into the cell 
to trigger the contraction of cytoskeleton. The 
inhibition of PP-induced contraction by EGTA 
suggests that PP treatment may mobilize certain 
calcium channel cytoplasmic 


ligand-gated on 


membrane. 
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Body contraction assay of Bombyx mori larvae after injection of paralytic peptide ( PP) 


A: Body (left) and digestive tube (right) of silkworm larvae before and after PP injection. B; Body contraction ratio measured at different time after PP 
injection. Each point represents mean + SD of at least 10 individuals. C; Body contraction ratios caused by different amounts of PP measured at 5 min after 


injection. Grey round spots represent contraction ratios of individual larvae; short black lines represent median contraction ratios. 
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Fig. 2 Body contraction of Bombyx mori larvae pre-injected with EGTA or EDTA 


Silkworm larvae injected with indicated reagents (A) , and body contraction ratio of larvae pretreated with EDTA or EGTA measured at different time after 


PP injection (B). Each point represents mean + SD of at least 6 individuals. 
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3.3 Cl” concentration in hemolymph is decreased 
after PP injection 

Beside calcium, we were also interested in 
whether any other intracellular or extracellular ions 
were affected by PP treatment that may account for 
this sustained paralysis. Therefore, we tracked the 
concentrations of Na*, K*, Ca’* and Cl” in 
hemolymph, fat body and gut after PP treatment. No 
distinct fluctuation of ion concentration was detected 
except Cl” in hemolymph, which showed a fast 
decrease to about 60% within 5 min after PP injection, 
and then gradually restored afterwards (Fig. 3). 
3.4 Pulse velocity is decreased after PP injection 

The dorsal vessel was clearly seen in normal 
silkworm larvae and pulse velocity was easily to be 
measured by counting the vessel pulse per min. 
However, body contraction induced by PP caused 
wrinkles on epidermis, making it inconvenient to 
visualize the vessel or inaccurate for counting. 
Therefore, we used the oily silkworm larvae, which 
had semi-transparent epidermis and displayed similar 
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paralysis phenotype after PP injection, to examine 
vessel contraction (Fig. 4: A). Pulse velocity in 
both Dazao and oc strain decreased significantly after 
PP injection. More than 40% decrease was even 
noticed in oc strain (Fig. 4: B). 
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Fig. 3 Hemolymph ion concentration at indicated time 
after PP injection 
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Fig. 4 Pulse velocity of Bombyx mori larvae after PP injection 
A: Body contraction of oc strain before and after PP injection; B; Pulse velocity of Dazao and oc strains counted at 4 min after PP injection as compared 


to PBS injection. P values determined by Student’ s t-test are indicated between PP and PBS treatment. Asterisks denote significant difference ( * P < 


0.05, “P<0.01). 


4 DISCUSSION AND CONCLUSION 


The onset of paralysis defined by body 
contraction and rigidity after injection of hemolymph 
to another 
triggered research interest that led to the discovery of 
PP in various species (Skinner et al., 1991). PP 
was initially considered to be a neuropeptide, but 
later studies found that paralysis cannot be inhibited 


drawn from one lepidopteran larva 


by receptor antagonist at the nerve-muscle junction, 
suggesting that PP may directly control muscle cell 


activity without evoking nerve cells (Sekimizu et al., 
2005 ; Ishii et al., 2008). Interestingly, injection of 
yeast B-glucans or bacterial peptidoglycans into 
silkworm larvae also induced paralysis which has 
been proved to be mediated by PP since those fungal 
and bacterial wall components promoted the cleavage 
of PP precursor to active peptide in hemolymph 
(Fujiyuki et al., 2012). Based on this observation , 
a screening method has been proposed by using this 
easy-to-measure muscle contraction assay to evaluate 
the immune stimulating activity of natural substances 


(Ishii et al., 2015). 
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The amount of PP required for the maximum 
body contraction tested in decapitated silkworm 
(about 40 ng/g animal) (Ishii et al., 2008) is 
similar to the amount of PP tested in live larvae in 
our study. However, the maximum contraction ratio 
of decapitated silkworm with peritrophic membranes 
removed (more than 40% ) was higher than that of 
live larvae ( about 20% ), suggesting that some 
organs other than body wall were affected. After 
dissection, we observed the twisting of digestive tube 
that might be the result of abnormal contraction of 
gut visceral muscle. Then the loss of gut motility, at 
least temporarily, could cause slower weight gain 
that was seen in ENF peptide-injected larvae. 

The inhibition of PP-induced response by cation 
chelator EGTA revealed that the effects of PP on 
silkworm muscle was dependent on extracellular 
calcium, whose concentration was usually more than 
10 000-fold higher than intracellular calcium. The 
sharp decrease of hemolymph Cl~ might be the result 
of opening of calcium-activated chloride channels on 
Additionally, the 
sustained low concentration of Cl% in hemolymph 


muscles ( Eggermont, 2004 ). 


afterwards reflected a slow recovery of homeostasis. 
Whether the calcium-activated chloride currents 


contribute to the magnitude and duration of 
contraction needs further — electrophysiological 
studies. 


Previous study on another ENF peptide isolated 
claimed that it has 
excitatory effects on semi-isolated hearts from M. 
sexta larvae (Furuya et al., 1999). Although we did 
notice an increase of pulse velocity seconds after PP 


from Spodoptera  eridania 


injection to the whole body of silkworm, injection of 
saline or H,O alone also resulted in the similar 
increase in pulse rate. So we suspected that the 
physical stress caused by injection itself may mask 
the effect of PP when pulse velocity was measured 
within a short time right after injection. 
Unexpectedly, we found a decrease of pulse velocity 
when muscle reached the maximum contraction and 
this lower pulse rate sustained for a few minutes. We 
thought that the decrease in pulse rate might be 
related to the retardance in development that has 
been reported in ENF peptide-treated larvae. The 
physiological significance between the excitatory 
effects of PP on larval body muscles and inhibitory 
effect on dorsal vessel is yet to be determined. 

To date, no specific receptor of PP or any other 
ENF peptide has been identified. Although studies 
on the structure of ENF peptides revealed the 
resemblance of their tertiary structures to the C- 
terminal subdomain of mammalian epidermal growth 


factor (EGF) (Volkman et al., 1999; Aizawa et 
al., 2002; Miura et al., 2002) , there was no direct 
evidence that PP binds to epidermal growth factor 
receptor ( EGFR) (Ohnishi et al., 2001). The loss 
of immunstimulatory effect of PP in the presence of 
EGFR inhibitors demonstrated that PP activates 
immune response through EGFR pathway ( Song et 
al., 2015). However, those inhibitors did not affect 
the contraction-inducing function of PP ( data not 
shown). We previously reported that PP treatment 
up-regulated the phosphorylation level of several 
protein kinases, including G protein-coupled 
receptor kinase 2 (GRK2) (Song et al., 2017), 
which in mouse attenuates contractility of 
( Fu et al., 2015 ). Further 


investigation is required to understand whether PP 


cardiomyocytes 


regulates vessel pulse through activating GRK2 in 
silkworm. 

In summary, by quantitative study we determined 
the optimal amount and maximum contraction that PP 
induces in live animals. We also found the paralytic 
activity not only affects the body wall, but also the 
intestine and dorsal vessel of silkworm larvae, and is 
associated with disruption of Cl” homeostasis. Our 


results provide reference for studying the 


physiological role of PP in an animal model. 
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